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Abstract 
One of the most critical problems when considering the geologic storage of CO2 is the risk of leakage which can lead to seepage 
from the storage area. The model described in this paper examines the injection of CO2 into faulted reservoirs with some degree 
of compartmentalization. Presented here are analytical solutions to relate the transmissivity of a fault to the pressure responses in 
the compartments. The solutions also show the different groups of parameters influencing the migration of injected CO2 in 
faulted areas that contain saline aquifers. The amount of cross-fault leakage that can occur is evaluated with respect to basic 
reservoir parameters that can be easily obtained prior to injection. The model is intended for a type of formation likely to be used 
for storage in Trinidad. We use the average reservoir pressure and an estimated fault transmissivity from the Mahogany field 
offshore Trinidad to illustrate the practical application of these analytical solutions. 
 
Fluid and rock properties influence the pressure response, and two possible cases are studied for their effects on the reservoir 
pressure and cross-fault flow. One case that is applicable is at early injection times, when on either side of the fault the water 
compressibility is dominant. The other case presents a more realistic case that treats the supercritical CO2 as slightly 
compressible. A sensitivity analysis shows the effects of fault transmissivity, pore volume and fluid compressibilities. This paper 
presents a few of the base case scenarios of the pressure response versus cumulative CO2 injected and also estimates the percent 
leakage that can occur with time.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Global warming is now widely recognized as the biggest global-scale issue facing human beings [1]. This is a 
result of the increased worldwide industrialization using fossil fuel, causing large quantities of anthropogenic CO2 to 
be produced and released unchecked into the atmosphere. Trinidad and Tobago (T&T) is one of the largest 
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producers of fossil fuels in the Caribbean. T&T also emits approximately 38 million tonnes of carbon dioxide 
(Mt/CO2) per year. This rate is expected to increase due to the growth of the manufacturing sector within the country 
and is projected to reach as much as 50 Mt/CO2 by 2012 [2].  The country’s relatively small population places T&T 
among the world leaders with respect to CO2 emissions per capita. In addition, the small island states such as T&T 
and the wider Caribbean are the most vulnerable to coastal erosion, rising sea levels and flooding due to intensive 
rainfall, all of which are forecasted to be more severe if the climate grows warmer. For these reasons T&T is 
examining strategies for reducing CO2 emissions, and geologic storage is an attractive option. 
This CO2 can be placed in our spent oil and gas reservoirs and saline aquifers that are not currently earmarked for 
other uses. It is possible, though, for the injected CO2 to leak out of these reservoirs due to faults and fractures 
present in the earth. CO2 being a buoyant fluid increases the risk of leakage, i.e. seepage of CO2 from the storage 
area into neighboring formations. Faults are abundant in the formations available for storage in T&T. Some faults 
have acted as barriers that form traps for hydrocarbon accumulations, while others have been conduits for 
hydrocarbon migration to other formations. Faults are therefore likely to exhibit both functions during CO2 storage. 
If it functions as a conduit it provides the means by which fluid can migrate out of the storage region.  
It is important to be able to estimate the leakage rate along or through a conductive fault. Hepple and Benson [3] 
concluded that if leakage rates were less than 0.01%/year (equivalent to 90% retention over 1000 years), geological 
storage would be very effective as a greenhouse gas mitigation method. Others have suggested that somewhat less 
stringent requirements would provide sufficient benefits to warrant widespread application of Carbon Capture and 
Storage (CCS). Worldwide, generally accepted performance standards regarding the retention rates, or leakage rates, 
from geological storage reservoirs have not been established. The International Panel for Climate Change (IPCC) 
Special Report concluded that at least 99% retention is likely for well selected and managed storage sites [4]. 
Injection of any fluid can induce some fault instability; therefore a fault seal is highly sensitive to injection 
pressure [5].  These factors lead to uncertainty as to whether a fault-seal reservoir can successfully act as a storage 
reservoir. This uncertainty needs to be reduced so that this technology can be considered a likely mitigation tool for 
the reduction of atmospheric CO2 concentrations. To address this question we use a simple tank model (material 
balance) to estimate how much fluid is contained in the formation, how much can be injected, how much leaks out 
and the pressures associated with this process. The simplistic model proposed in this paper will help understand 
some of the possible pressure responses with respect to cumulative CO2 injected. 
2. Field Description of the case study 
The Mahogany field is located 60 miles offshore 
from the southeast coast of Trinidad in the Columbus 
Basin within the Eastern Venezuelan Basin in 
approximately 285 feet of water. It is a faulted anticlinal 
structure with Pleistocene age stacked sand and shale 
sequences. The field is dominated by water drive 
mechanism because of the large aquifer that exists 
below. There are 15 reservoirs in the field, comprising a 
series of stacked gas sands in seven separate major fault 
blocks, Figure 1. Although it was initially thought that 
the fault separating FB4 and FB5 were sealing, field 
pressure data showed otherwise, see Figure 2. When 
production from formations in FB4 commenced, the 
pressure declined faster in the already producing 
formations in FB5. This showed that some crossflow 
existed. 
In this study, we regard the structure of the Mahogany field as representative of likely non-hydrocarbon-bearing 
target formations for storage in T&T. Only two of the seven fault blocks will be modeled, viz. fault block four (FB4) 
and fault block five (FB5). From Figure 1 the fault separating FB4 and FB5 can be viewed as the main potential 
conduit for leakage from the storage formation. We focus upon cross-fault leakage into the neighboring formation, 
rather than along-fault leakage. We carry out a wide range of sensitivities on the material balance parameters such as 
 
Figure 1- Cross-section of the Mahogany field [7]. Study area (blue 
line) includes major fault between blocks IV (FB4) and V (FB5). 
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compressibilities of the reservoir fluids (water and the 
injected CO2), pore volume of FB4 and FB5 
respectively, and the transmissivity of the fault. The 
insight gained will enable us to verify the pressure 
transient occurring and also estimate the leakage rates. 
These assessments can help to determine the feasibility 
of a particular field for CO2 storage. 
Here we consider the case where the two fault blocks 
are in a closed system. CO2 is injected into FB4, and the 
question is how much leaks into FB5. The main input 
parameters are injection pressure, average reservoir 
pressure, injectivity index, pore volume and 
compressibility of the water, rock and CO2. The actual 
average reservoir pressure for this field was 4900 psia. 
The values used for the base case are an injection 
pressure of 7000 psia, an injectivity index for FB4 of 1 bbl/psi-day, pore volumes for FB4 and FB5 of 106 bbls, and 
water, CO2 and rock  compressibilities of 1E-5, 2.0E-4 and 6.0E-6  psi-1 respectively at a temperature of 140OF. 
Other important parameters included are a fault permeability (in the direction normal to the fault plane) of 1 mD, a 
cross-sectional area for the fault of approximately 60,000 ft2, a distance between locations of the average 
compartment pressures P1 and P2 of 4000 ft and a water viscosity of 0.5 cP. The preceding parameters yield a 
transmissivity value of the fault Tf to be 0.03 bbl/psi-day.   
3. Model and Assumptions 
Figure 3 shows schematically the 
model of a compartmented reservoir. It 
consists of two porous and permeable 
fault blocks (FB4 and FB5) separated by a 
boundary representing a fault. The two 
compartments contain only brine initially. 
Each compartment is treated as a tank 
model (i.e. uniform temperature and 
pressure).  
Injection is occurring in the reservoir 
compartment labelled FB4 and we assume 
that there is some crossflow taking place 
from FB4 to FB5. When the injection 
pressure is higher than the reservoir 
pressure, it is expected that the pressure will translate into increased pressures in FB5 because of the fluids entering 
FB5 across the fault. Initially only water will flow across the fault. Eventually CO2 could also reach the fault and 
enter FB5. 
4. Analysis 
We wish to solve for the pressure transient behaviour during injection of CO2 using material balance equations. 
This method does not require large volumes of petrophysical and geologic data to calculate the volumes that will be 
in place with respect to time [6]. This method is convenient for measuring the cross-flow effects in terms of 
transmissivity and hence a given flow rate. We assume that the flow across the fault is proportional to pressure 
difference between the fault blocks.  
Other assumptions for the material balance analysis are i) there is no production, ii) only single phase flow is 
occurring, and iii) the initial pressures in the two fault blocks are equal. In this model, we keep the bottomhole 
pressure of the injection well constant. 
 
Figure 2 - Historical pressure trends for FB4 and FB5 [8] indicate 
pressure communication across the fault separating the blocks. 
 
Figure 3 – Schematic representation of a compartmented reservoir consisting of two 
reservoir compartments separated by a fault (Areal View). 
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Assuming linearized compressibility we have  
   	

 (1) 
V is the net change in the volume of fluids in FB4, V1 is the pore volume of the storage formation in FB4, ct is the 
total compressibility in FB4, and P1 is the pressure in FB4. The initial value of P1 is denoted Pi. Assuming no 
production from wells we have  
         (2) 
i1 is injection rate of CO2 at reservoir conditions and qxf  is the flux of fluid between FB4 and FB5 across the fault, 
taken as positive when entering FB4. Hence  
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The basic derivation is the same for FB5. In compartment FB5 only the cross flow contributes to the change in fluid 
volume, and assuming that we have brine only then for FB5 we have  
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The crossflow (qxf) depends on the pressures in the fault blocks and the fault transmissivity (Tf): 
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The solution for the linearized model is given by: 
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When the CO2 behaves as a supercritical fluid, the equation for P1 is: 
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In this case, ct can be assumed to be     A"  B.  For this case, the compressibility of the CO2 will be dominant. 
For FB5 only water exist initially in then, 
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ct in this equation can be assumed to be     B  D. Here, the compressibility of the brine will be dominant. The 
equation now becomes a system of nonlinear equations. An approximate analytic solution was derived as described 
below. The two equations were rearranged in matrix form and solved using Cramer’s rule. The solutions were then 
linearized about the point  EFG HH";IJKLM:HH"N. This solution then follows the same general steps to solve from the 
linearized model. The result is: 
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and 
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We rewrite  PUVWP in terms of dimensionless groups as: 
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and define dimensionless time by   
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All the constants used in equations (6) and (7) depend on reservoir properties from [9]. 
5. Results and Discussion 
For this paper, the base case values for model parameters described in sections 2 and 3, we examined sensitivity 
of the pressure response to total compressibility, fault transmissivity and storage formation pore volume using the 
linear model described in equations (6) and (7). The trends of compartment pressures P1 and P2 with respect to 
cumulative CO2 injected from the linear model are shown in Figures 4 through 6. The solid lines in the graphs 
represent the average pressure P1 in FB4 and the dashed lines represent the average pressure P2 in FB5. In all the 
cases, CO2 is treated as a slightly compressible fluid because of the high pressures associated with the depth of 
injection. All the analyses were done to see the effects on the different parameters during early injection time. 
Figure 4 through 6 shows plots of the pressure in psia for each fault block versus cumulative CO2 injected using 
the base case values.  In Figure 4, the only variable is the transmissivity factor of the fault. The transmissivity 
values that were used here are 0.001, 0.01, 0.1 (base case value), 1 and 10 bbls/psi-day. As time progresses, the 
pressure increases in both FB4 (P1) and FB5 (P2). In all cases of Tf, the pressure in FB4 generally increases faster 
than in FB5. For Tf = 0.001 bbls/psi-day, the leakage is negligible as the pressure FB5 is nearly constant. Measurable 
(for example by a pressure gauge in a monitoring well in FB5) leakage occurs for Tf = 0.01 bbl/psi-day, but this 
leakage would be difficult to infer from the pressure trend in FB4, which increases steadily and differs only slightly 
from the trend for the smallest value of Tf. As the value of Tf increases from 0.001 to 10 bbl/psi-day, more fluids are 
able to flow across the fault from FB4 to FB5 causing an increase in pressure in FB5 and a subsequent decrease in 
the overall pressure in FB4.  One key thing to note is that a Tf 
value of 10 bbl/psi-day allows fluids to flow across the fault as 
though there are no barriers to fluid flow and hence FB4 and 
FB5 can be assumed to be in almost perfect communication. 
For Figure 5, the only variable changing in this case was 
the pore volume (V1) in FB4. The pore volumes used here were 
105 bbls, 106 bbls (base case) and 107 bbls. The general trend 
for the pressure response was, as the pore volume increased 
from 105 to 107 in FB4 the average pressure in both FB4 and 
FB5 increase. It was also observed that the smaller the pore 
volume, the faster the pressure increased within the 
corresponding fault blocks.  
For Figure 6 the only variable changing here is the total 
compressibility of the system. Here the values used were    1E-
5, 1.5E-5 and 5E-5 psi-1.  These values were used for both FB4 
and FB5 to observe what the effects of ct are at early time when 
the compressibility of the brine is the most dominant. For this 
case,   B  D. For the Mahogany field, the effective 
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Figure 4 - The effect of varying transmissivity on P1 (solid 
lines) and P2 dashed lines) in terms of cumulated CO2 injected 
(bbls) given V1 = 106 bbls, V2 = 106 bbls, c1, 2 = 1E-5 psi-1 and 
CO2 treated as slightly compressible. 
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porosity for the area study was approximately 30%. The comparisons for the curves were done at 0.05 pore volume 
(15,000 bbls of injected CO2).The general trend seen from the curves is that as the cumulative injected CO2 
increases, the pressures in FB4 increase at a much faster rate than that of FB5. Hence ct had a first order effect on 
pressures in V1 than V2. As the size of ct decreased, the overall pressure in both FB4 and FB5 increased. Again this 
occurred at a greater rate in FB4 than FB5. 
0 5000 10000 15000
4000
4500
5000
5500
6000
6500
7000
Cumulative Injection, bbl
Pr
es
su
re
/p
si
a
 
 
Vp = 100000
Vp = 100000
Vp = 1000000
Vp = 1000000
Vp = 10000000
Vp = 10000000
 
Figure 5 - The effect of varying pore volume on P1 (solid lines) and P2 
dashed lines) in terms of cumulated CO2 injected (bbls) given, V2 = 106 
bbls, c1, 2 = 1E-5 psi-1, Tf   = 0.1 bbls/psi-day and CO2 treated as slightly 
compressible. 
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Figure 6 - The effect of varying total compressibilities
 
on P1 (solid 
lines) and P2 (dashed lines) given V1 = 106 bbls, V2 = 106 bbls, Tf = 
0.1bbls/psi-day and CO2 treated as slightly compressible. 
Figures 7 and 8 shows the cumulative amount of CO2 injected and the cumulated volume of fluid flowing across 
the fault respectively using the base case values. The only variable here is Tf since this is the most significant 
parameter.  The percentage of leakage across the fault was calculated for each value of Tf using the following 
equation: 
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Figure 7 – Total cumulated CO2 injected given V1 = 106 bbls,
V2 = 106 bbls, c1, 2 = 1E-5 psi-1 and CO2 treated as slightly compressible
for varying values of Tf. 
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Figure 8 – Total cumulated crossflow occurring given V1 = 106 bbls, 
V2 = 106 bbls, c1, 2 = 1E-5 psi-1  psi-1 and CO2 treated as slightly 
compressible for varying values of Tf. 
Evaluating the percent leakage from the model after 50 years, the cumulative volume of fluid (brine and then 
brine/CO2) flowing across the fault and the cumulated volume of CO2 injected was read from the graphs for the 
different values of Tf. The corresponding values of Tf from each curve were noted. This was done to cover a wide 
range of cross-sectional area for the fault because in reality, the fault may not leak over this whole area. Also these 
values here can be used as a very huge upper limit as to the amount of CO2 that can leak over time since this % 
leakage value incorporates the two phase flow i.e. CO2 and water from t = 0. This idea for CO2 establishing 
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saturation at the brine displacement from will not be discussed here. The plots for cumulative injection of CO2 vs. 
time was compared to the plot for cumulative crossflow vs. time (assuming that we have continuous injection) up 
until t = 50 years. The percent leakage for the Tf = 0.001 was 0.40%, Tf = 0.01was 3.2%, Tf = 0.1 was 25% , Tf = 1 
was 48% and for Tf = 10 it was 49%. This shows that the larger the fault transmissivity, the more significant the 
amount of fluids that can leak at time (T). Using equation (13), the results from Figures 7 and 8 shows that even for 
transmissivity factors in the range of 0.001 to 0.01 bbl/psi-day suggests that the reservoir will be able to retain most 
of the injected CO2. Values higher than 0.1 bbl/psi-day will deem the reservoir unfit for storage. The plots for 
cumulative injection of CO2 vs. time was compared to the plot for cumulative crossflow vs. time (assuming that we 
have continuous injection) up until t = 50 years. 
6. Conclusion 
From the results, it can be seen that the transmissivity has the greatest effect on the overall pressure response for 
both FB4 and FB5. This is due to the fact that more fluids being able to flow from FB4 to FB5 as Tf increased. Even 
a small leak (Tf = 0.001 bbl/psi-day) would be seen with a monitoring well in FB5. The pressure in FB5 is a more 
sensitive measure of leakage than the pressure in FB4. For the transmissivity factor of 10 bbls/psi-day, the fault did 
not act as a barrier to flow and hence the pressures in FB4 was almost equivalent to FB5 and hence the system will 
behave as though there were no compartmentalisation. For values of Tf < 0.01, the reservoirs will retain most of the 
injected CO2. 
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Nomenclature 
ct   =  Total Compressibility, LtD2/M 
cw   =  Water Compressibility, L tD2/M 
cg   =  gas compressibility, L tD2/M 
cr   =  rock compressibility, L tD2/M 
i   =    Volumetric injection flow rate, L3/ tD2 
II  =    Injectivity index, L4t/M 
P      =  Average pressure in layer, M/L tD2 
Pinj  = Well injection pressure, M/L tD2 
qxf     =  Volumetric crossflow, L3/t 
t  =         time, t 
Tf   =        Fault transmissivity factor, L4t/M 
V  =         Pore volume, L3 
FB4  =  fault block four 
FB5  =  fault block five 
bbl   =            barrels 
 
Greek symbols 
          =         Discriminant, 1/tD 
      =         Characteristic polynomial, 1/ tD2 
 
Subscripts 
1            =          First layer property 
2            =          Second layer property 
i        =           Initial 
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Primary dimensional variables 
L            =        Length 
M   =         Mass 
t            =         Time 
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